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In the current study, Gardner et al. show that optogenetic inactivation of orbitofrontal cortex has no effect on an economic choice behavior modeled after primate studies. Using the same cohort of rats, they find that inactivation of the OFC does disrupt devaluation-sensitive behavior.
INTRODUCTION
A fundamental question in cognitive neuroscience is how choices between biologically relevant goods are made, particularly when those goods do not share common features. Put simply, how does the brain choose between, for example, apples and oranges? One influential account from economics that has gained significant traction is that the brain reduces the complex feature space of goods to a single dimension of value so that different goods can be compared on a universal scale (Levy and Glimcher, 2012; Padoa-Schioppa, 2011; . In this framework, the values of all available options are computed and then compared in real time to maximize the gains of the economic decision-maker based on his or her current needs or wants. Research has implicated the orbitofrontal cortex (OFC) as the nexus of this value computation by showing that neural activity within the OFC correlates with the common currency value both of available and chosen goods during economic decision-making (Levy and Glimcher, 2011; PadoaSchioppa, 2009; Assad, 2006, 2008; Plassmann et al., 2007 Plassmann et al., , 2010 ; Rich and Wallis, 2016; Tremblay and Schultz, 1999; Xie and Padoa-Schioppa, 2016 ). Yet, to date, no studies have established a significant causal role for this neural activity in these complex behaviors. Here we test this question.
We duplicated, in rats, the economic choice task used in monkeys to isolate key neural correlates of economic value in the OFC (Padoa-Schioppa and Assad, 2006) . Once the rats learned the task procedures, we used optogenetics to transiently inactivate the OFC during randomly selected trials within some sessions. This approach revealed no effects of OFC inactivation on the rats' choice behavior. In contrast, optogenetic inactivation of the OFC in the same cohort of rats prevented the normal changes in conditioned responding after reinforcer devaluation, a function known to be OFC dependent across species (Gallagher et al., 1999; Gremel and Costa, 2013; Izquierdo et al., 2004; Machado and Bachevalier, 2007; Pickens et al., 2003 Pickens et al., , 2005 Reber et al., 2017; Rudebeck et al., 2013; West et al., 2011) and sometimes cited as the reason the OFC is necessary for economic choice (Padoa-Schioppa, 2011; Padoa-Schioppa and Schoenbaum, 2015) . This dissociation provides direct evidence that the region of the OFC that is necessary for behavior reflecting current wants is not necessary for economic decision-making.
RESULTS
To determine whether the OFC is necessary for economic choice behavior, we developed an economic choice task for rats duplicating the now-iconic procedures established to test economic decision-making in monkeys (Padoa-Schioppa and Assad, 2006) . To accomplish this, rats were trained to use a pair of 3.5'' touchscreens, oriented in front of a centrally located nosepoke port, to choose between different amounts (1, 2, 3, 4, 6 , and sometimes 8) of two differently flavored food pellets (banana, bacon, grain, chocolate, grape, or cellulose). The flavors and amounts of each pellet per offer on a given trial were represented by symbols on the touchscreens, with shape signaling pellet flavor and segmentation signaling pellet number ( Figures 1A and S1 ). Offers were counterbalanced by side and chosen randomly from a pre-established set. The visual cues were revealed following a 1 s nosepoke at the port in front of the screens, after which the rat could make a choice by touching the screen displaying the preferred option. The selected flavor and amount was then delivered to a single food port located on the opposite wall of the training chamber (see Movie S1). The experiment used 6 different cues to represent 6 differently flavored pellets, which were arranged in 10 types of sessions pitting individual pellets against one another.
After initial training on the apparatus and familiarization with the cue-pellet pairings, the rats exhibited clear subjective preferences among the pellets. Importantly, these preferences were influenced not only by the quantity but also by the flavor of the pellets available. Further, their subjective preferences between the different pellets were stable across days. These features can be illustrated by examining behavior over consecutive days on which the rats received offers involving three different 
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(A) Illustration of a single trial from the choice task. A white noise cue indicates the availability to initiate a trial by nosepoking within a central port. Cues representing the current offer emerge on both screens after a 1 s hold which is followed by another 1 s hold before the white noise is turned off, indicating that the animal can touch one of the screens in order to make a choice. The general shape of the symbol indicates the good being offered (i.e., vertical bars and crescents), whereas the number of segmentations of the symbol indicates the number of pellets available for that good.
(B) Representative examples of choice behavior. Each row of choice curves are taken from consecutive sessions of a single rat performing the three possible pairings of the goods listed. The goods are arranged in preference order (A > B > C) and are determined by the three sessions. x axis shows the offers given in log scale, and y axis shows the percent of the less preferred good chosen for each offer type. Indifference points (IP, shown as X = Y*IP) are defined by a probit regression (solid black line) crossing the 50% choice value (horizontal dashed line).
(C) All sets (n = 54) of three consecutive sessions comparing the indifference points of three goods pairs. Each point represents the indifference point of pair A:C (y axis) and pairs A:B*B:C (x axis) with ideal transitive behavior falling on the line of equality (dotted line). Solid black line, OLS regression. Blue marker, example behavior from (B).
(D) Reaction times are slower for offers close to the indifference point. Offers are binned relative to the indifference point of a session (x axis) and average reaction time is in seconds (y axis, average of all sessions shown in (C). Error bars indicate SEM. See Figure S1 for all visual cues used and Figure S2 for additional examples of choice behavior.
pellets ( Figure 1B ; for additional examples, see Figure S2 ). The choice behavior on each of the 3 days was fit with a sigmoid to estimate an indifference point for each pair of pellets. The indifference point was then used as a method to infer the relative value of the two pellets. This indifference point was often greater than 1:1, even approaching 4:1 for chocolate versus grain (Figure 1B , lower left), indicating that the rats were sometimes willing to accept fewer pellets in order to obtain a particular flavor. Additionally, the indifference point for one pair of pellets could be predicted from the indifference points for the other two pairs in the triplet ( Figure 1C ). Thus, the rats' preferences among the pellets showed the so-called property of transitivity. Importantly, this was true even though testing was done on different days, revealing remarkable stability in the economic decision-making of the rats. In fact, none of the points (n = 54) were sufficiently removed from the identity line to violate transitivity (z test, p < 0.1; see STAR Methods); if the indifference points in a triplet are selected at random from the different pellet pairs (AB, BC, and AC), nearly 15% of the points violate transitivity, a result that is significantly different from our experimental result (binomial test, p < 0.01; see STAR Methods). Overall these data establish that these rats were engaged in economic decisionmaking as operationally defined by prior studies of similar choice behavior (Padoa-Schioppa, 2009; Assad, 2006, 2008; Xie and Padoa-Schioppa, 2016) . Indeed, these rats even exhibited a slight but significant slowing of reaction time around the indifference point ( Figure 1D ), which has previously been cited as evidence of active deliberation being required when differences in economic value or utility are small . With a rat version of the economic choice task in hand, we next tried to evaluate the hypothesis that economic decisionmaking depends on value estimates generated in the OFC at the time of cue presentation and choice. While it is difficult to draw precise homologies across species, it has been claimed that economic value reflects value estimates that are devaluation sensitive or computed on the fly at the time of the decision (Padoa-Schioppa, 2011; Padoa-Schioppa and Schoenbaum, 2015) . Such value estimates would be termed model based in current parlance (Daw et al., 2005 (Daw et al., , 2011 Dayan and Berridge, 2014) . If this is true, economic decision-making should depend on the area of the OFC that has been shown to be necessary for other behaviors that are dependent on model-based value estimates. In rats and primates, this is the lateral OFC (Rudebeck and Murray, 2011a; Stalnaker et al., 2015; Wallis, 2012) . Neurotoxic lesions and reversible inactivation of this area affect the ability both of rats and of monkeys to use the current value of a predicted reward to guide behavior (Gallagher et al., 1999; Izquierdo et al., 2004; Machado and Bachevalier, 2007; Pickens et al., 2003 Pickens et al., , 2005 Rudebeck et al., 2013; West et al., 2011) . Notably, this is also the area where single-unit correlates of economic decision-making have been most prominently identified (Padoa-Schioppa, 2009; Assad, 2006, 2008; Rich and Wallis, 2016; Tremblay and Schultz, 1999; Xie and Padoa-Schioppa, 2016) .
We used an optogenetic approach to inactivate this region. Rats that had been trained to perform the task underwent surgery in which AAV-CaMKIIa-eNpHR3.0-eYFP (halo, n = 9) or AAV-CaMKIIa-eYFP (control, n = 7) was infused into the lateral OFC bilaterally, and fiberoptic probes were implanted overlying each injection site to allow light delivery ( Figure 2B ). After recovery, these rats were acclimated to the task while tethered to a patch cord. Once performance returned to pre-surgical levels, we began testing to determine whether inactivation of OFC would impact task performance.
To test this question, we assessed the performance of each rat on three different pellet pairs across nine test sessions (Figure 2A) . Each pair was presented once in an initial warm-up session, and then data were acquired in two sessions using either a blocked dummy cable or a patent light-transmitting cable, both of which were counterbalanced across days. The purpose of using a blocked cable was to provide a within-subjects control for possible effects of light dispersed from the cable/ferrule interface, a particularly important control in this case due to the subjective, and hence varying, nature of the indifference point measure. Finally, within each session, half the trials of each offer were randomly chosen as laser-on trials. On these trials, green light (16-18 mW, 532 nm) was delivered into the OFC by activating a laser connected to the fiberoptic probes overlying the OFC. The laser was activated at the onset of white noise indicating nosepoke availability and terminated in a 300-ms ramp when the rat made a choice by touching one of the screens, so that the OFC was inactivated during the entirety of the cue and choice periods. The remaining trials served as laser-off control trials. This arrangement resulted in a design with two within-subject factors (laser-on versus laser-off and blocked versus patent fiber) and one between-subject factor (eYFP versus halo). This allowed us to distinguish the effects on economic choice behavior due to real-time inactivation of neural activity in OFC from confounding effects of light delivery into the brain, light leakage into the training box, viral infection, or a combination of these factors.
It was unclear to us how losing the ability to calculate economic value should degrade economic choice behavior. Would rats default to selecting only one of the two rewards? Would they always select the larger amount or adopt a strong side bias? Or would their performance be entirely random? Whatever the case, we expected dramatic effects. However, this is not what we observed. In fact, examination of the performance in representative example sessions revealed no apparent effect of inactivating the OFC ( Figure 2C) ; while very small differences in the choice curves were present when the laser was on versus off in the halo subject, similar differences were also apparent in the eYFP control subject and the halo subject with blocked fiber. That these shifts are random noise and unrelated to inactivation of OFC is supported by the lack of any effect of laser on the average response curves for each condition (each session was aligned to the indifference point [ Figure 2D ] and by the lack of a significant effect on the indifference points for the different conditions [ Figures 3 and 4] ). Indeed, the two curves, laser-on and laser-off ( Figure 2D ), in each of the four conditions are highly overlapping and difficult to distinguish. A three-way mixed ANOVA with laser (on/off) and fiber (blocked/patent) as within-subject factors and virus (eYFP/halo) as a between-subject factor of these data revealed no significant main effects (blocked/unblocked fiber, F(1, 100) = 0.03, p = 0.85; laser on/laser off, F(1, 100) = 0.00, p = 0.95; eYFP/halo, F(1, 100) = 3.11, p = 0.081) nor any significant two-way (fiber*laser, F(1,100) = 3.24, p = 0.074; fiber*virus, F(1,100) = 0.60, p = 0.44; laser*virus, F(1, 100) = 1.52, p = 0.22) or three-way (fiber*laser*virus, F(1, 100) = 0.01, p = 0.92) interactions. Indeed, the critical three-way interaction required to formally conclude that there was a specific effect of inactivation of OFC on indifference point would have required an n > 10 6 to reach significance at p = 0.05. Importantly, the negative results did not depend on the location of the preferred cue on offers when the OFC was inactivated (left and right trials run separately, p > 0.074 for all main effects and interactions; see STAR Methods for multiple comparison test).
To rule out the possibility that a shift of the choice curve toward a 1:1 indifference point might be masked by inclusion of sessions with indifference points close to 1:1 (sessions in which the pellets had similar values), we removed sessions close to 1:1 using an empirical distribution (40 sessions were (D) Average behavior of all sessions on the choice task (eYFP group, n = 46 top; Halo group, n = 56 bottom) for blocked and patent fibers (left/right) and for laser-on (colored curves) and laser-off (gray curves) trials. Note that the behavior from each session was realigned to the IP of that session, and that the two curves, laser-on and laser-off, are overlapping one another in most panels. The gray dotted line shows the shift in behavior expected if all sessions shifted to an IP of 1:1. Error bars indicate SEM.
dropped with a minimum threshold of 1.39:1; see STAR Methods) and re-ran the three-way ANOVA on data from the remaining sessions. This amounted to analyzing indifference points from sessions in which rats had a substantial subjective or economic preference for one of the two pellets. This lack of an effect of removing these sessions is visualized in Figure 3D , which shows the difference in indifference point on laser-on and laser-off trials using a progressive exclusion of sessions closest to a 1:1 indifference point. The vertical lines on these plots represents the threshold used (1.39:1; see STAR Methods) to specifically test whether sessions away from 1:1 were affected by OFC inactivation. Another possible effect of OFC inactivation on the rats' behavior would be a reduction in the consistency of the subjective preference revealed by a flattening of the choice curve. To assess the sharpness of the subjective preference, we also analyzed the inverse slope (s) of the sigmoidal fit ( Figure 4) . A mixed three-way ANOVA comparing the inverse slope across conditions found no significant main effects or interactions (Main effects, Fiber: F(1,100) = 3.12, p = 0.080; Laser: F(1,100) = 0.37, p = 0.54; Virus: F(1,100) = 0.04, p = 0.84; Two-way interactions, Fiber*Laser: F(1,100) = 0.25, p = 0.62; Fiber*Virus: F(1,100) = 0.02, p = 0.89; Laser*Virus: F(1,100) = 0.74, p = 0.39; Threeway interaction, Fiber*Laser*Virus: F(1,100) = 0.29, p = 0.59, n > 10 6 for p = 0.05).
Finally, we also conducted three targeted pairwise comparisons for the effects of OFC inactivation. The first tested for show the IP threshold corresponding to a significant IP using a bootstrap method (see methods). All axes representing indifference points are plotted in log scale.
the effects of laser (on/off) using only data gathered with patent fibers on halo rats (Figures 3B and 4B, y axis, yellow points and histogram, IP, and inverse slope), the second tested for effects of fiber (blocked/patent) using only data gathered during laseron trials in halo rats (see comparison in Figures 3A and 4A of top and bottom yellow histograms for the halo group, IP, and inverse slope), and the third tested for effects of virus (eYFP/ halo) using only data gathered during laser-on trials and with patent cables (see comparison in Figures 3A and 4A of the bottom colored histograms in both columns, IP, and inverse slope). While these comparisons normally might be deemed statistically inappropriate since they are not well controlled, we thought it was important to ensure that we had not buried a significant effect under an unfair burden of control conditions. In no case was there any effect of the relevant manipulation of IP (paired t test, laser, p = 0.18; fiber, p = 0.35; unpaired t test, virus, p = 0.23; tests are uncorrected for multiple comparisons) or for the slope (paired t test, laser, p = 0.69; fiber, p = 0.48; unpaired t test, virus, p = 0.90). Thus, even simple comparisons within our design did not reveal an effect of OFC inactivation on indifference point. Lastly we addressed whether OFC inactivation disrupted transitivity. Transitive behavior relies on the relative values of goods not depending on the options available at a given time. This implies that goods are kept track of independently of individual sessions so that values of individual goods are held relatively constant across sessions. If OFC is important for transforming a goods feature space to a general utility or economic value space, it is possible that single session behavior would not be visibly disrupted if other areas support basic choice behavior, yet transitivity could be disrupted if the within-session value estimates are not linked to the global goods space. To test for effects of OFC inactivation on transitivity in our experiment, we compared indifference points from sessions with three different pellet pairs performed by each rat with blocked/patent fibers for each pair. There were 15 such series in the eYFP group and 17 in the halo group ( Figure 5 ). A comparison of the location of the datapoints on laser-on and laser-off trials ( Figure 5A , histograms) again revealed no differences that could be attributed to OFC inactivation. While there were small shifts ( Figure 5A , black lines connecting paired laser-on and laser-off trials), these changes were present both in halo and eYFP rats and with both the blocked and patent cable as demonstrated by a comparison of the distribution of distances ( Figure 5B ). Further, the shifts were as likely to make behavior more rather than less transitive, even in the halo group with the patent cable, suggesting that they were idiosyncratic changes and did not reflect a principled impact on the underlying values used to guide the economic choice behavior in our task. Accordingly a three-way ANOVA analyzing these distances showed no significant main effects (fiber: F(1,25) = 0.56, p = 0.46; Laser: F(1,25) = 0.08, p = 0.78; Virus: F(1,25) = 0.19, p = 0.67) and only a single significant interaction (Fiber*Laser: F(1,25) = 4.43, p = 0.046, Fiber*Virus: F(1,25) = 0.12, p = 0.73, Fiber*Virus: F(1,25) = 3.41, p = 0.077; Fiber*Laser*Virus: F = 0.00, p = 0.97). Further analyses using Fiber and Laser as within-subject factors only for the Halo group confirmed that there were no significant main effects or interactions (Fiber: F(1,14) = 0.52, p = 0.48; Laser: F(1,14) = 2.81, p = 0.12; Fiber*Laser: F(1,14) = 2.17, p = 0.16), indicating that the overall Fiber*Laser effect was not related to halo inactivation. A comparison of the distances between paired laser-on and laser-off trials using a two-way mixed ANOVA (fiber as a within-subjects factor and virus as a between-subjects factor) showed no significant effect (Fiber: F(1,25) = 0.17, p = 0.68; Virus: F(1,25) = 0.05, p = 0.81; Fiber*Virus: F(1,25) = 0.44, p = 0.51). Given the surprising lack of effect of OFC inactivation on economic choice behavior, we tested the same rats in a Pavlovian reinforcer devaluation task to confirm that that laser activation was affecting the OFC in the halo group. As noted earlier, the normal effect of reinforcer devaluation on Pavlovian conditioned responding depends on lateral OFC both in rats and in primates (Gallagher et al., 1999; Izquierdo et al., 2004; Machado and Bachevalier, 2007; Pickens et al., 2005; Pickens et al., 2003; Rudebeck et al., 2013; West et al., 2011) . Indeed it is a signature function of this area (Rudebeck and Murray, 2011a; Stalnaker et al., 2015; Wallis, 2012) , which is sometimes proposed as the basis of its role in economic choice behavior (Padoa-Schioppa, 2011; Padoa-Schioppa and Schoenbaum, 2015) . We tested whether delivering light into the OFC disrupted this function in the same rats that contributed to the data described above (data from one eYFP and one halo rat were lost due to a malfunction in one of the boxes). The rats were conditioned to associate an auditory cue with delivery of a rewarding food pellet as well as with a different auditory cue presented without reward. The rats in both groups developed a similar, selective conditioned response to the food-paired cue ( Figure 6A ). Accordingly, a three-way ANOVA (cue X group X session) revealed significant main effects of session (F(7,192) = 31.35, p < 0.001) and cue (F(1,192) = 11.75, p < 0.001) as well as for their interaction (F(7,192) = 5.58, p < 0.001), and there was no significant main effect of group (F(1,192) = 1.44, p = 0.23) nor any interactions including group (group*session: F(7,192) = 0.29, p = 0.96; group*cue: F(1,192) = 1.7, p = 0.19; cue*group*session: F(7,192) = 0.64, p = 0.72). After conditioning, the pellet used in conditioning was devalued by pairing it with illness induced by LiCl injection. A differently flavored pellet was presented without illness on alternate days. The rats in both groups selectively reduced consumption of the pellet paired with illness ( Figure 6B p = 0.11). After devaluation of the pellet, the auditory cues were presented again in an unrewarded probe test. During this probe test, light of the same intensity and wavelength used in the economic choice task was delivered into the OFC in all rats during presentation of the 10-s cues. Notably, this duration is approximately that which is employed in the economic choice testing. The rats in both groups extinguished responding to the foodpaired cue over the course of the session. In addition, rats in the eYFP group responded significantly less to the cue paired with the devalued food than did rats in the halo group ( Figure 6C) . A 3-way ANOVA (cue X group X cue/post-cue epoch with trials as a repeated-measure) revealed significant main effects (cue: F(1,426) = 109, p < 0.001, group: F(1,426) = 8.63, p = 0.0035, epoch: F(1,426) = 7.92, p = 0.0051) as well as a significant cue*group interaction (F(1,426) = 5.81, p = 0.016). Notably there were no interactions between group and epoch (group*epoch: F(1,48) = 0.24, p = 0.62; cue*group*epoch: F(1,426) = 0.34, p = 0.56), indicating that the differences observed as a result of the OFC inhibition persisted into the post-cue period. Consistent with this, a post hoc multiple comparison test revealed a significant difference between the halo and eYFP rats for the cue paired with the devalued food but not for the other, non-reinforced cue, and this difference was observed in both epochs (p < 0.05, multiple comparisons corrected; Figure 6C ). Responding during the post-cue epoch in the unrewarded probe test has also been shown to show an OFC-dependent effect of reinforcer devaluation (Pickens et al., 2005) . This epoch is of special interest in our study since the laser is turned off at the end of the auditory cue. Lastly, consistent with the proposal that the difference in cue responding was due to impairment of the devaluation effect in the halo group, the difference was largest and significant on the first trial (p = 0.043, one-sided t test), when an effect of devaluation should be most pronounced in controls (i.e., before any extinction learning).
These data confirm that lateral OFC is critical for the effect of devaluation on Pavlovian conditioned responding (Gallagher et al., 1999; Izquierdo et al., 2004; Machado and Bachevalier, 2007; Pickens et al., 2005; Pickens et al., 2003; Rudebeck et al., 2013; West et al., 2011) . Previously it has been shown that lesions prior to the probe test or pharmacological inactivation during the probe test impact performance. Our results go further by showing that optogenetic inactivation of OFC restricted to just the cue presentation has a similar effect, both on conditioned responding during the cue and, interestingly, thereafter in the post-cue period. That the OFC is not able to recover the behavior once the cue is gone suggests that the OFC generates the cue-evoked signal that modifies behavior rather than simply passing it through from some other area. Most importantly, the intensity, wavelength, and the approximate duration of light delivery that impaired devaluation was the same as that used during the economic choice task, confirming that OFC was also functionally impaired in the halo group in the earlier experiment.
DISCUSSION
How can we reconcile these results with the influential view that the OFC is critical for economic choice behavior? The rats are engaged in a behavior that shows all the core features of economic choice (Levy and Glimcher, 2012; Padoa-Schioppa, 2011; . We purposely duplicated the economic choice task used to demonstrate the neural correlates that are the foundation of the proposal that lateral OFC is central to economic choice (Padoa-Schioppa and Assad, 2006) and inactivated the region of OFC in rats that is likely homologous to the area in monkeys-primarily area 13-where these correlates are generally observed In order to determine whether OFC was indeed being inactivated by laser stimulation of halorhodopsin, a simple Pavlovian reinforcer devaluation procedure was performed which has been well established to be OFC dependent. (A) The same rats that were used in the choice task underwent 8 days of Pavlovian training using a 10 s auditory cue resulting in food delivery as well as a second auditory cue resulting in no food delivery. Food cup responding was measured over the final 5 s of the cue and reported as mean SEM. Initial training was followed by conditioned taste aversion (lithium chloride) to the food pellet used as the reinforcer (B). Preference tests for the devalued pellet as well as a control non-devalued pellet are shown before (B, top right) and after (B, bottom right) the devaluation procedure. The rats were then tested in an extinction probe test for a reduction in responding to the cue predicting the now devalued food pellet (C). The Halo group (n = 8, gold) failed to show a reduction in responding as compared to the eYFP group (n = 6, green) for both the cue period (left), during which the laser was on, and the post-cue period (right), during which the laser was off (10 s). All bars represent mean SEM. *p < 0.05 significance level corrected for multiple comparisons.
2016; Tremblay and Schultz, 1999; Xie and Padoa-Schioppa, 2016) , indexed by anatomical and functional considerations (Heilbronner et al., 2016; Preuss, 1995; Stalnaker et al., 2015) , most notably the parallel effects of manipulations of this region on devaluation-sensitive behaviors both in rats and in monkeys (Gallagher et al., 1999; Izquierdo et al., 2004 ). Yet inactivation of OFC failed to have any discernable effect on economic choice. How can this be? One possibility, of course, is that light failed to inactivate the OFC in the halo group. This seems unlikely for several reasons. First we used procedures employed successfully to inactivate the OFC (McDannald et al., 2014b) . Second we have evidence of viral expression widely distributed within the lateral OFC in all the rats used in the current study ( Figure 2B ). Third and most importantly, light delivery of a similar amplitude, frequency, and duration as that used in the choice task produced a deficit in Pavlovian reinforcer devaluation in the same rats ( Figure 6 ). This deficit was identical to that caused by large neurotoxic lesions and pharmacological inactivation of OFC (Gallagher et al., 1999; Izquierdo et al., 2004; Machado and Bachevalier, 2007; Pickens et al., 2005; Pickens et al., 2003; Rudebeck et al., 2017; Rudebeck et al., 2013; West et al., 2011) . Given the central role that OFC is proposed to play in economic choice, it seems unlikely that the negative results in the choice task reflect a failure to inactivate OFC sufficiently in the halo rats.
Another possibility is that rats do not perform the task the same way as monkeys. That is, that rats simply do not engage in economic or common currency decision making. Instead they focus idiosyncratically on individual attributes of the available goods to make their choices. This possibility also seems unlikely to us. First, the ubiquity of value-guided behavior and its fundamental importance to survival suggests that the ability to consider value across multiple reward dimensions should be an early adaptation. Second there is a close correspondence between the behavioral measures highlighted in primates and those exhibited by our rats. Stable and transitive preferences across days would be unlikely if rats were focused on individual features in given sessions, since those features might change. Third, as noted above, both species engage in devaluation-sensitive behavior using similar basic circuits and parts of the OFC, and there are also marked similarities in the anatomical, behavioral, and neurophysiological characteristics of the lateral OFC across species that suggest it is involved in similar basic functions in both rats and primates. A dichotomy in approach to behavior here would be a dramatic divergence from these close parallels in function in all other value-based tasks of which we are aware.
A third and to us most likely possibility is that the lateral OFC is not necessary for computing and comparing economic values, as currently defined, to guide choice behavior. The proposition that OFC is necessary rests on the observation of neural correlates of economic values in this area during economic choice (Padoa-Schioppa, 2011), and the assumption that economic decision-making tasks somehow isolate a form of value that is identical to the that assessed by the reinforcer devaluation manipulation (Padoa-Schioppa, 2011; Padoa-Schioppa and , which depends on this part of OFC (Gallagher et al., 1999; Izquierdo et al., 2004; Machado and Bachevalier, 2007; Pickens et al., 2005; Pickens et al., 2003; Rudebeck et al., 2013; West et al., 2011 ). Yet the former evidence is correlative and so may not necessitate causality. Further, the meaning of unit correlates is, of necessity due to the richness of the dataset, highly interpreted. In this case, while there have been several elegant single unit recording studies reporting economic value correlates in this area in monkeys (Padoa-Schioppa, 2009; Assad, 2006, 2008; Rich and Wallis, 2016; Tremblay and Schultz, 1999; Xie and Padoa-Schioppa, 2016) , these typically highlight value correlates that are mixed within a highly heterogeneous population signaling a variety of other variables related to number and identity of the rewards (Padoa-Schioppa and Assad, 2006; see Supplemental Information). Work from other labs, in both rats and primates, has either failed to see the strong compression of coding into a single value dimension in neurons recorded in lateral OFC (Blanchard et al., 2015; Calu et al., 2007; Kennerley et al., 2011; Kennerley and Wallis, 2009; McDannald et al., 2014a) or has reported equally or stronger representation of common currency value in other prefrontal areas (Cai and Padoa-Schioppa, 2012; Kennerley et al., 2011; Kennerley and Wallis, 2009; Rich and Wallis, 2016) . Economic value correlates have even been found in brainstem (Lak et al., 2014) . And consideration of the firing properties of these neurons as a group reveals a much more complex relationship between their activity and choice (Rich and Wallis, 2016) .
This complexity and the presence of value correlates in other areas raises the possibility that the lateral OFC may be part of a larger distributed network charged with calculating economic values in which the role of any one area may not be uniquely necessary for stable choice behavior. As evidence of such a network, imaging studies tend to find that common currency correlates in the BOLD signal not in lateral OFC, but rather in medial OFC (Levy and Glimcher, 2011; Plassmann et al., 2007 Plassmann et al., , 2010 . Furthermore, lesions to medial OFC in monkeys disrupt value-guided decisions whereas lateral OFC lesions on the same behavior fail to show this effect and instead cause deficits in credit-assignment during learning (Noonan et al., 2010) . These findings, as well as others showing economic decision-making deficits in medial OFC, have been confirmed in humans (Noonan et al., 2017; Camille et al., 2011) .
Even if the lateral OFC is part of a distributed network governing economic choice, it may still make critical contributions under some circumstances. Indeed, an effect of OFC inactivation during a version of the task performed by head-fixed mice using odors has recently been reported in abstract form (Kuwabara et al., 2017) . Dichotomous (and weak) effects of inactivation would be consistent with the proposal that the calculation of economic value is a distributed process that does not depend on any one critical node (Hunt and Hayden, 2017) . But what governs the functional distribution within the network? One possibility is the amount of experience subjects have with the choices. It is possible that the OFC is only necessary for calculating economic value when choices are novel or involve items that have not been experienced in opposition many times (Plassmann et al., 2007) ; in fact, the neural correlates remain in experienced subjects, like our rats or the monkeys in the recording studies (Padoa-Schioppa and Assad, 2006 Assad, , 2008 , but the output of OFC is no longer required for normal behavior. This has a clear precedent in the literature; reversal learning deficits are often associated with OFC damage, and yet with only modest training, both rats and monkeys with OFC lesions perform well on reversals (Dias et al., 1997; Rudebeck and Murray, 2011b; Schoenbaum et al., 2002) . This is because, while the behavior looks the same, the underlying associative basis of that behavior changes with experience.
In this regard, it is worth examining the assumption that economic value is equivalent to the value revealed by devaluation, or model-based behavior. Model-based behavior is thought to isolate a value estimate that is inferred or calculated on the fly by mentally simulating likely outcomes using a mental model or cognitive map of the task at hand (Daw et al., 2011; Daw et al., 2005; Dayan and Berridge, 2014) . If I choose orange juice instead of apple one morning because I crave its savory tang and soft, juicy pulp, I am engaged in model-based behavior, because I am stepping through a model of the likely outcome and my desire for it in making my choice. The proposed equivalence between model-based value and economic value is a core tenet supporting the idea that economic choice must depend on lateral OFC, yet there is no formal evidence of this equivalence. And what if economic decisions are influenced by multiple kinds of associative information? For example, I might choose orange juice every morning without thinking it through and without any special desire for the taste of oranges. It is my policy. It is a habit. If you are watching me, you will not know what information underlies my selection that day. Am I deploying my policy, or am I craving the taste or oranges? Or is it a bit of both? It is impossible for you to know by simply watching me order my drink.
For this reason, claims regarding model-based behavior typically require some sort of manipulation to isolate the type of associative information that underlies the putative value being deployed (Dickinson and Balleine, 1994, for example) . This is the point of devaluation (Colwill, 1993; Holland and Rescorla, 1975) ; the subsequent change in responding to the predictive cue can only reflect the influence of a model on the value estimate. In the case of economic decision-making, no such manipulations are ever employed. At best, claims are founded on the idea that the choices are not made repeatedly. This is obviously not the case here or in the monkey recording studies, yet even if it were, clearly the participants are still free to rely on policies or habits generalized from prior similar life experiences even in the most rigorously controlled settings. As a result, even trialunique items do not definitely isolate model-based value the way that devaluation or other manipulations are designed to do. Indeed, we are sympathetic to the problem. Employing these controls in economic choice would be quite difficult because they would affect the behavior that is under study (satiated subjects will not do many trials). Further best practices typically require probe testing without reward present or with significantly higher task complexity (Daw et al., 2011) , which can lead to unpredictable solutions (Dezfouli and Balleine, 2013; Dezfouli et al., 2014) .
The lack of this control means that economic choice as it is studied now is certainly contaminated by forms of value that do not rely on the type of model-based processing that is most closely associated with lateral OFC. This is likely the best explanation of the dissociation we have demonstrated here: that on a neural and associative level, all economic choice tasks-and certainly those like the one used here-are not utilizing a single form of value or a single brain circuit. We would predict that, as with many other behaviors, the lateral OFC will be necessary for an economic choice when that economic choice is exclusively dependent on value predictions that require mental simulation and access to a cognitive map of the task at hand (Stalnaker et al., 2015) . When this is not the case, lateral OFC may participate and contribute, but its input will be a fraction of what determines the choice. In this regard, the role of lateral OFC in economic choice would be identical to its role in a host of other value-based behaviors.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Subjects
Sixteen male Long-Evans rats (275-300 g, Charles River Laboratories), aged approximately 3 months at the start of the experiment, were trained and tested at the National Institute on Drug Abuse Intramural Research Program (Baltimore, MD) in accordance with the National Institute of Health guidelines determined by the Animal Care and Use Committee. All rats had ad libitum access to water during the experiment and were fed 16-20 g of food per day, including rat chow and pellets consumed during the behavioral task. Rats were initially food restricted to 85% of their baseline weight to begin training. Behavior was performed during the light phase of the light/dark schedule.
METHOD DETAILS Apparatus
Rats were trained and tested in modified standard behavioral boxes (12'' x 10'' x 12,'' Coulbourn Instruments, Holliston, MA) using both Coulbourn and custom-made equipment. Touchscreens (Adafruit Industries, New York, NY, 2.8'' -initial training -and 3.5'' -later training and testing, were housed in custom-made walls (PLA) and were controlled by microcontrollers (Arduino Mega, Arduino), which communicated with the Coulbourn system to display the current offers and provide screen press feedback. Custom-designed nosepoke ports (1.5'' H X 1.25'' W X 1.5'' D) were fixed to the floor of the box about one inch from the wall and used infrared photodetectors to determine whether a poke had occurred. The primary configuration of the box had touchscreens and accompanying wall mounts oriented at 30 from the plane of the left side wall to facilitate better viewing of the screen while the rats were nosepoking at the central port. A tall recessed food magazine (Med-Associates, Fairfax, VT) was placed on the center of the right wall opposite to the nosepoke and touchscreens. Pellets from two separate externally mounted feeders were dispensed into the food magazine. The speaker used for playing the white noise cue (75 dB) to indicate the beginning of a trial was placed externally to the conditioning chamber. All training and testing procedures were written and run using the Graphic State 4 software. During the optogenetic inhibition phase of the experiment, solid state lasers (532 nm; Laser Century, Shanghai China) were controlled in analog mode (8 bit depth) by a microcontroller (Arduino Uno, Arduino).
Choice Task
Each trial started with a white noise cue, which indicated that the rat could nosepoke at the central port. After a 1 s nosepoke at the port, the current offers were displayed on the two screens situated on either side of the nosepoke. After another 1 s period during which the rats were required to remain in the nosepoke, the white noise ended indicating that a choice could be made by touching either of the screens to receive the offer-type and pellet number displayed. Immediately following the choice, the pellets were delivered into the food magazine on the opposite side of the chamber. Rats then waited 6-10 s plus an additional 800 ms for each pellet delivered on the prior trial (to allow for consumption) before the next trial began. Failure to hold the nosepoke for the first second restarted the 1 s timer and failure to hold the nosepoke once the screens were displayed resulted in the termination of the trial. Rats performed $150-350 trials per session. All rats received the same menu of pellet offers arranged in the following average preference order (highly palatable banana flavored pellets, Test-Diet TUL; bacon flavored pellets with lactose and salt, Bio-Serv, custom formulation; grain flavored pellets, Test-Diet TUM, chocolate flavored pellets with 25% sucrose and 75% cellulose, Test-Diet, custom formulation; grape flavored pellets with 25% sucrose and 75% cellulose, Test-Diet, custom formulation; and 100% cellulose pellets, Test-Diet). Visual cues predicting the different offer-types consisted of different shapes, indicating the type of pellet available, and different numbers of segmentations of the symbol, indicating the number of pellets available ( Figure S1 ). Each rat received unique cue-pellet pairings that remained constant throughout testing.
Shaping and Pre-Surgical Training
Training on the task lasted 3-4 months and progressed through several stages that introduced different aspects of the task. Before starting, rats were food restricted to $85% of their body weight, then they were first trained to touch a single illuminated touchscreen to receive unflavored sucrose pellets, after which they began training to discriminate two visual cues which either resulted in an unflavored sucrose pellet or nothing (the images used were not used for any subsequent aspect of the task). After rats showed discriminative behavior to the two visual cues, a central nosepoke was introduced to the box and rats were progressively trained to hold in the port for 2 s (1 s with no cues on and one second with visual cues displayed) when the white noise cue was turned on. Upon acquisition of the nosepoke, rats were introduced to the full task. To learn each of the cue-pellet associations, rats were trained for several days on each of the 5 flavored pellets versus a non-preferred cellulose pellet. After rats showed stable preferences for each of the pellets versus cellulose, they were exposed to other pellet-pairs. In each session, rats were given 11 possible offers including the 1:0 and 0:1 offers. The other 9 offers ranged either from 1:6 to 6:1 or 1:4 to 8:1 (X:Y, Y being the presumed preferred pellet-type) from the offer set [1:8, 1:6, 1:4, 1:3, 1:2, 1:1, 2:1, 3:1, 4:1, 6:1, 8:1] depending on the presumed pair preference. Once rats learned the main task, they were stepped through different offer pairs across consecutive days. This was done in sets of three sessions which spanned the possible pairings of three of the pellet-types allowing for the collection of the transitivity data in Figure 1 . Upon collection of 2-3 transitivity points per animal ( Figure 1C ) rats underwent surgery.
Surgery
Surgical procedures followed guidelines for aseptic technique. Rats received either AAV-CaMKIIa-eNpHR3.0-eYFP (n = 9) or AAVCaMKIIa-eYFP (n = 7, Gene Therapy Center at University of North Carolina at Chapel Hill) bilaterally into the OFC under stereotaxic guidance at AP À3.0 mm, ML ± 3.2 mm, and DV 4.4 and 4.5 mm from the brain surface. A total 1-1.2 ml of virus (titer $ 10 12 ) per hemisphere was delivered at the rate of $ 0.1 ml/min by infusion pump (Takahashi et al., 2013) . Immediately following viral infusions, optic fibers (200 mm in core diameter; Thorlab, Newton, NJ) were implanted bilaterally at A/P: À3.0 mm, M/L: ± 3.2 mm, and D/V: +4.2 mm at an angle of 10 degrees in the ML plane. Cephalexin (15 mg/kg p.o.) was administered daily for 10 days post-operatively to prevent infection.
Post-Surgical Testing
Following a 2-3 week recovery from surgery, rats were retrained on the full task and accustomed to performing with two fiber optic patch cables attached to an optic commutator (Doric Lenses, Quebec Canada). Cables were constructed with blocking covers to reduce leakage of light into the box. However, it is impossible to completely eliminate light leakage. To control for effects of such light leakage during laser-on trials, 'dummy' patch cables were employed during retraining and testing. The 'dummy' patch cables were identical to the patent patch cables except that the optical fiber was blocked at the end of the cable and permitted no light transmittance into the brain. After rats were familiarized with the 'dummy' patch cables and the laser being turned on for 50% of trials, testing was begun. Testing proceeded in 9 day blocks in which rats were given each possible pair of three pellet-types for three days. The first day on an offer pair the blocked, or 'dummy', patch cables were used. The following two days on the pellet pair rats had counterbalanced 'dummy' cable or patent cable providing a within-subjects control for light in the brain. Stepping through the pairs of three pellet types allowed for the collection of transitivity data across three different pellets which we refer to as a triplet. In a few cases in which rats removed the patch cable during a session, the three day period was thrown out and an additional three days were provided for the particular offer-pair at the end of the 9 days. In all sessions the laser was turned on for 50% of trials during the cue period of the trial. Lasers (532 nm, 16-18 mW; Laser Century, Shanghai China) were controlled by a microcontroller (Arduino Uno, Arduino) and were turned on concurrently with the white noise cue to indicate the availability to begin a trial. Lasers were turned off at the time of decision using a linear ramp over 300 ms to avoid the possibility of rebound excitation. To minimize the duration of the laser, the white noise and laser were on for 5 s before a timeout period occurred. Rats also had a maximum of 5 s to make a choice once nosepoke hold was fulfilled. Sessions lasted 2-2.5 hours.
Pavlovian Conditioning
The same rats used in the touchscreen task were trained and tested on a Pavlovian devaluation task. Rats were trained in the same type of Coulbourn boxes used in the choice task, without the touch screens and outfitted with a recessed food pellet magazine in the center of the right wall, to allow delivery of pellets, and two speakers on either side of the magazine, to allow presentation of a tone (2 khz, $76 dB) or clicker (2 hz, $76 dB). Rats underwent 8 conditioning sessions over 4 days (morning and afternoon). In each session, cue A (10 s tone or clicker counterbalanced) was presented 16 times followed by delivery of 2 pellets, and cue B (10 s clicker or tone, counterbalanced) was presented 8 times without reward. Conditioned responding was assessed by measuring the number of entries into the food cup during the last 5 s of the cue, a period previously established to assess devaluation effects (Pickens et al., 2005; Pickens et al., 2003) . During initial conditioning rats were connected to the 'dummy' patch cables and the lasers were turned on for the last two sessions of training. Lasers were activated 500 ms before the onset of the 10 s auditory cue and were ramped off for 300 ms at the offset of the cue, however because the 'dummy' cables were used, no light passed into the implanted ferrules. Following initial conditioning rats underwent a conditioned taste aversion procedure, described below, in order to devalue the rewarded pellet. After finishing the procedure, rats were given a final unrewarded probe test, which was identical to the initial conditioning procedure with two exceptions: 1) no pellets were delivered during the probe test in order to assess cue-evoked responding without any new learning to the now devalued pellets, and 2) the patent cables were attached to the animal in order to inhibit OFC activity in the halo group during the cue. Conditioned responding was examined in the last 5 s of the cue when the laser was on and in the 10 s after the cue offset when the food would normally be delivered and the laser was off (Pickens et al., 2005; Pickens et al., 2003) .
Reinforcer Devaluation
All rats underwent conditioned taste aversion training to the pellet-type used during initial conditioning ( Figure 4B) . A second pellet, not given during training, was also presented, unpaired with lithium chloride injections during the devaluation procedure. The two pellet-types were counterbalanced across animals and within experimental groups. Prior to the devaluation procedure, rats were given a preference test comparing consumption of the two pellet-types. Rats were provided 100 pellets of each type, placed in two ceramic bowls for 30 minutes with the location of the bowls reversed every 5 minutes. The remaining pellets were counted after the 30 minute period. For the devaluation procedure (days 1, 3 and 5), rats were given 30 minutes of access to the devalued pellet, followed by a 0.3 M LiCl intraperitoneal (i.p.) injections (Pickens et al., 2005; Pickens et al., 2003) . On alternate days (2, 4 and 6), rats were given 30 minutes of access to the non-devalued pellet. After the probe test test to assess responding to the associated cues, described above, rats were given a final preference test to the two pellets which was identical to the initial preference test. All preference and consumption tests were performed in clean homecages.
Histology
After completion of the experiment, rats were perfused with phosphate buffer saline followed by 4% PFA. The brains were then immersed in 30% sucrose for at least 24 hr and frozen. The brains were sliced at 40 mm and stained with DAPI (through Vectashield-DAPI, Vector Lab, Burlingame, CA). The location of the fiber tip and NpHR-eYFP or eYFP expression was verified using an Olympus confocal microscope.
QUANTIFICATION AND STATISTICAL ANALYSIS
Raw data was collected and exported using Graphic State 4 software for both the economic choice task and the Pavlovian devaluation task. All further analysis was performed using MATLAB. As described previously (Padoa-Schioppa and Assad, 2006) , in order to estimate a scalar relative value of two goods from a limited subset of all possible offers, an assumption must be made about the function relating the two goods in offer space. Here we assume a linear indifference curve (within a reasonable set of offer space) which entails that the ratio of the number of each good offered leading to indifferent behavior remains constant as the number of goods offered increases. For example, if a rat's indifference point is 2:1 for pellets A and B, than the rat should also be indifferent if offered 4:2 or 6:3, or within a reasonable range of ratios. In order to estimate the relative value of two goods from the choice behavior we performed a probit regression for each session (Padoa-Schioppa and Assad, 2008) , which uses the cumulative distribution function of the normal distribution to predict the choice behavior given the log ratio of the offers. This provides estimated parameters b m and b s of the fitted normal distribution, which were used as estimates for the log of the indifference point (IP) -the estimated relative value -and inverse slope parameter respectively. Sessions with relative pellet values outside of the offer range tested were not included in the analysis. This was done by excluding sessions (n = 17, data for Figure 1 , n = 31 data for Figures 2 and 3) with estimated indifference points IP = expb mgreater than a 6:1 ratio (non-preferred:preferred pellet).
Transitive behavior
Assuming linear indifference curves, transitivity is defined as the log of the relative values of three goods A, B and C (in that preferred order) having the following relation, log IP A:C zlog IP B:C + log IP A:B (Padoa-Schioppa and Assad, 2008) . A z-test (a = 0.10) was used to test this relationship across indifference points of three pairs given on consecutive sessions. To ensure our choice data was sensitive to this test, a bootstrap (10,000 samples) was performed using the observed indifference points pooled together to compute shuffled estimates of the transitivity measure, log IP A:C À ðlog IP B:C + log IP A:B Þ, in order to determine chance level of determining transitivity violations. A binomial test was then used to compare the actual number of violations to this chance probability. In order to compare the transitive behavior during the inactivation experiment, the transitivity measure was compared in a three-way ANOVA with factors: laser (on/off), cable-type (blocked/patent), and virus (eYFP/halo). The distance between paired points on the transitivity plot for laseron and -off trials from the same sessions was also computed and compared using a two-way ANOVA with fiber-type and virus used as factors. The average choice behavior across sessions ( Figure 2D ) was computed by subtracting the log indifference point from the log of the offer ratios for each session. The relative offer ratios were then binned into the intervals shown in Figure 2D . A probit regression was then performed on the aligned and averaged choice data for visual comparison. To compare measures (IP, inverse slope) between the halo and eYFP groups, we performed three-way ANOVA tests with factors: laser (on/off), cable-type (blocked/patent), and virus (eYFP/halo). Pellet pairs for each animal were included as a random block factor due to the wide range of individually determined indifference points. This block factor had a main effect of p < 0.01 in all cases. This test was repeated on a subset of the sessions in which rats showed a significant preference for one of the pellets. In order to determine the threshold for indifference points sufficiently far from the 1:1, trials from sessions with the blocked fiber were randomly split into two separate groups. A bootstrap on the difference between the log of the indifference point for each group was used to determine a significance threshold (a = 0.05) for indifference point shifts.
Pavlovian Conditioning
Response rate, the number of entries into the food cup, during the last 5 s of the cue was used as the measure of analysis for each of the stages of conditioning. All ANOVA tests were performed using MATLAB with post hoc comparisons corrected using Tukey's honestly significant difference (HSD) method. For the conditioned taste aversion, all tests were performed using the percentage of pellets consumed during the 30 minute consumption period.
